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Edited by J. BuchnerProteins are linear polymers and, in the unfolded
state, assumed to consist of a huge ensemble of
statistically coiled chains, like noodles in a soup.
During folding in vitro or in vivo, these unordered
string-like molecules “zip up” to the well-defined
native structure by establishing specific non-local
tertiary interactions. Like a piece of string, long
protein chains may be predisposed to form knots,
which must be unknotted before folding can occur or
which might be maintained during the folding
process to form a knotted native state.
Until about 1994, the existence of knots in folded
proteins was not seriously considered, presumably
because only a few hundred crystal structures of
proteins were known and because an objective
detection of knots is not simple [1]. Intuitively, one
would expect to find knots in folded proteins by
gripping the protein at both ends, pulling them apart,
and looking whether the now extended chain is
straight or it contains a knot. This method works
when the chain ends are exposed at the protein
surface and when the overhangs at either side of the
knot are long. In order to identify knots more
rigorously, the chain ends are joined by a long loop
in a computer, and the protein is effectively unfolded,
to see whether an open or a knotted circle is formed
[2]. In 1994, a “shallow” knot was found only in a
single protein—carbonic anhydrase B—and it was
speculated that proteins generally do not contain
knots because the protein folding mechanism only
explores unknotted conformations [1].
Things have changed since then. Currently, more
than 900 knotted proteins are known (compiled in the
KnotProt database† [3]), and the question how
knotting occurs became part of the protein folding
problem [4,5]. Sophie Jackson and her group at the
University of Cambridge selected two homologous
methyl transferases to examine the formation ofer Ltd. All rights reserved.knots during folding. These homodimeric proteins
contain about 160 residues and a “deep” trefoil knot
(Fig. 1a). “Deep” means that the knot is formed by
the threading of a long section of the protein chain
(here the carboxy-terminal 40 residues) through a
loop of also about 40 residues. They found that these
knotted methyl transferases could be reversibly
unfolded by urea. Refolding of the urea-denatured
molecules was feasible and slow, but not unusually
slow [6,7].
One would expect that deep knots are more
difficult to form during folding than shallow knots,
where only a short piece of chain must be threaded
through a loop. Accordingly, Jackson and coworkers
varied the “deepness” of the knot by linking their
knotted methyl transferases with ThiS at the N-ter-
minus or the C-terminus or at both ends (Fig. 1b–d).
ThiS is a highly stable, 91-residue protein from a
thermophile. It folds much faster than the methyl
transferases, and therefore, it should act as molec-
ular plug and severely interfere with chain threading
during folding. Unexpectedly, this was not observed.
The ThiS plugs did not affect the folding process,
and the authors speculated that—for unknown
reasons—the knot might have persisted in the
unfolded protein chains, even in concentrated urea
solutions [8].
However, how could one identify knotted struc-
tures in a huge ensemble of unfolded protein chains?
This seemed impossible. However, Sophie Jackson
and her coworkers devised an ingenious strategy to
solve this problem. They introduced cysteine residues
at the two ends of the protein chains and circularized
them in the urea-denatured form by a disulfide bond.
After transfer to native conditions, only those circular
molecules can reach the native state that have the
knotted topology. This is what they found, and the
conclusion was clear: the knotted topology wasJ. Mol. Biol. (2015) 427, 225–227
Fig. 1. Knotting and folding of
the methyl transferases, (a) with-
out plugs, and of variants with
ThiS plugs at (b) the N-terminus,
(c) the C-terminus, and (d) both
ends. The chains are color-coded
from blue at the N-terminus to red
at the C-terminus. The figure is
adapted from Fig. 1 of Ref. [12].
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The reasons for this remained unclear, but it explained
in retrospect why the urea-denatured knotted proteins
refolded so well and, in particular, why the ThiS plugs
at either end did not affect folding. Three years later, it
was found that unfolding for 6 months or more were
necessary to remove a knot from an unfolded protein
[10].
At this stage of the work, it became clear that
chemical denaturation and in vitro refolding were not
suited to solve the problem of how knots are created
into folding proteins. Consequently, the Jackson
group looked at the de novo folding of their knotted
methyl transferases after synthesis at the ribosome
in a cell-free translation system. By using the gain in
resistance toward proteolysis as a probe, they found
that folding was slow. It lagged behind protein
synthesis by about 10–20 min, and, most interest-
ingly, it was considerably slower than the in vitro
refolding of the urea-denatured methyl transferases
under the same conditions. The lag between
synthesis and folding disappeared when the trans-
lation system was supplemented by GroEL/GroES,
suggesting that this molecular chaperone machine is
able to catalyze a folding reaction that involves
knotting [11].
In the paper published on p. xx of this issue of the
Journal of Molecular Biology [12], Lim and Jackson
now employed their methyl transferases with theThiS extensions at either end (Fig. 1b–d) and
examined how de novo folding and knotting in the
cell-free translation system is affected by having
these rapidly folding and stable plugs at either end.
Their results now provide clear-cut evidence that de
novo folding is limited in rate by the knotting event
and that threading of the chain end that is closer to
the knotting loop constitutes the critical event. In the
case of the two methyl transferases, the carboxy-
terminal chain region (120–160) is closer to the
knotting loop (80–120). Accordingly, folding was
strongly decelerated when the ThiS plug was fused
to the C-terminus, but not when fused to the “remote”
N-terminus. In perfect agreement with this, the
double fusion with a ThiS plug at either end showed
the same deceleration of folding as the protein with
the plug only at the C-terminus. The folding of the
fusion proteins with the ThiS plug at the remote
N-terminus is accelerated by GroEL/GroES about
20-fold and as fast as the folding of the protein
without a plug. When the plug is close to the
threading loop, as in the carboxy-terminal fusion,
the action of GroEL/GroES is severely impaired. The
authors suggest that the molecular chaperone
GroEL/GroES encapsulates the folding protein
chain and facilitates the unfolding of trapped
misfolded or misthreaded conformations. This is
presumably blocked by the stable ThiS plug at the
C-terminus, which interferes with the encapsulation
227How Proteins Knot Their Tiesby GroEL/GroES or with the unfolding of neighboring
chain regions.
There is no doubt that knot formation is a major
factor in the de novo folding of proteins. It compli-
cates and decelerates the folding, in particular, of
proteins with deep knots where the chain ends are
remote from the knotted loop.
How can a protein benefit from having a knot in its
structure? Functional advantages have remained
elusive so far. However, since knotting decelerates
folding and unfolding, it might provide kinetic protec-
tion against unfolding and thus maintain a protein
more safely in the functional native state. It would thus
act in a similar fashion as disulfide bonding or the
cleavage of pre-sequences from secreted proteases,
which locks these proteins kinetically in the folded
state. Why a protein maintains a knotted topology in
the unfolded state remains as an interesting question
for the protein folding community. Maybe proteins
behave similar to men similar to myself who never
remove the knots from their ties because, for them,
knotting a tie is too difficult.Acknowledgement
I thank N. C. Lim for preparing Fig. 1.
†http://knotprot.cent.uw.edu.pl.References
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